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Rice–wheat cropping system (RWCS) of the South Asia is labour-, water-, capital- and energy-intensive,
and become less proﬁtable as the availability of these resources diminished. This could be further ag-
gravated with deterioration of soil structure, declining underground water and lesser land and water
productivity which ultimately are threat in front of sustainable and proﬁtable RWCS in the region. For
improving the proﬁts, production and sustainability of this sequence - a paradigm shift is required.
Scientists recommended different resource-conserving technologies (RCTs) viz. zero tillage, laser level-
ling, irrigation based on soil matric potential, bed planting, direct seeding, mechanical transplanting of
rice and crop diversiﬁcation for this purpose. These technologies are site speciﬁc and before selecting any
particular RCT for a particular region, soil texture and agro-climatic conditions must be considered. A
solitary approach/RCT might not be effective to solve the upcoming issue of producing more food grains
with inadequate available water and land. Therefore, an integrated approach is required. But before
implementing any approach, different issues relating to RWCS must be discovered, considered and ad-
dressed in a holistic manner.
In this review, an attempt was made to highlight different issues resulted from the practise of in-
tensive rice–wheat cropping sequence of the region, which must be considered while framing and im-
plementing any integrated approach/project such as conservation agriculture for improving the produc-
tions, proﬁts and sustainability of RWCS in the region.
& 2015 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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Rice–wheat cropping sequence (RWCS) is the world's largest
agricultural production system occupying around 12.3 M ha in
India, 0.5 M ha in Nepal, 2.2 M ha in Pakistan and 0.8 M ha in
Bangladesh and around 85 percent of this area falls in Indo-
Gangetic plains (IGP) (Ladha et al., 2003; Timsina & Connor 2001).
The IGP region of India has RWCS spread over a vast area spanning
from Punjab in the Northwest to East up to West Bengal (Singh, Jat
& Sharma, 2005). Sustainability of RWCS system has been ques-
tioned with yield stagnation (Ladha et al., 2003; Busari, Kukal,
Kaur, Bhatt & Dulazi, 2015), declining underground water
table (Humphreys et al., 2010; Hira, Jalota & Arora, 2004), un-
attended intervening periods (Bhatt and Kukal 2014a,b; Bhatt and
Kukal 2015a,b,c), soil degradation (Bhandari et al., 2002) and at-
mospheric pollution (Bijay, Shah, Beebout, Yadvinder & Buresh,
2008).
Conventionally, rice in the region is established by repeated
wet tillage (Puddling) followed by transplanting of the seedlings in
the puddled soil while wheat established (in rice residue burned
ﬁelds) by broadcasting/drilling seed after disking, tilling and
planking operations (Bhatt, 2015). Seed bed preparation opera-
tions oxidises the once hidden organic matter, break the macro-
aggregates into the micro-aggregates which adversely affect the
soil properties (Roper, Ward, Keulen & Hill, 2013; Das et al., 2014).
Furthermore, soil perturbation by conventional tillage makes the
soil to serve as a source rather than a sink of atmospheric pollu-
tants and thus is not sustainable and environment friendly (Busari
et al., 2015). Improve productivity of RWCS should be a major
concern to increase to keep up with population growth in India,
which is predicted to swell from 1.12 billion in 2008 to 1.35 billion
by 2025 (UNEP, 2008). But the conventional practices adopted for
establishing wheat and rice by the farmers as per their indigenous
knowledge are water-, capital- and energy-intensive and leads to
many issues which are a serious threat to the sustainable agri-
culture. This publication seeks to highlight almost all the sus-
tainability issues originated due to intensive cultivation of RWCS
in such a manner so as to save the region without deteriorating the
God gifted resources viz. soil and water.2. Rice–wheat cropping system issues
Indigenous conventional system of rice–wheat cropping system
leads to the following issues.Considering these issues as a threat to sustainable and proﬁt-
able agriculture attempt is being made to discuss of them under
the following headings so that scientists might discover, test and
recommend some alternative wheat and rice establishing techni-
ques/RCTs in the region.
2.1. Ecological issues
2.1.1. Declining underground water table
India- The prime groundwater user on the planet
(230 km3 yr1), more than a quarter of the total global water use
(Tyagi, Datta & Singh, 2012) is being used here. Instead of a major
consumer of water, agricultural sector has been seems to lose its
share as water allocated for irrigation is likely to decrease in the
coming years (Singh, Kundu & Bandyopadhyay, 2010). Already, per
capita water availability is decreasing in the major rice growing
countries of the Asia (Table 1) (Gardner-Outlaw & Engelman,
1997). Irrigation is the basic need for the agriculture sector but its
un-judicious use results in large consumption of green and blue
water required for this sector (Rost et al., 2008; Döll et al., 2012).
From historic point of view, before 150 years, water comes from
the mountains and directly goes into the sea without much in-
ﬁltrating much into the ground. However from 100 years ago
(1859–1960) with development of multi-development river pro-
ject, six head works were framed and water supplied to the agri-
cultural ﬁeld for irrigation (Table 2).
At present, 1.45 lakh km long network, 1100 canals assured ir-
rigation to 15.6 lakh ha of the Punjab, India. Before introduction of
the canal system, the underground water levels are more than
40 m deep while with canals the water levels arose to 3 m deep
below the ground surface. Nationally, the area under GW irrigation
has increased by 6-times over the last six decades (1950–51 to
2005–06) in contrast to the declined share of water in agriculture
because of increased demand of non-agricultural sectors (Tyagi et
al., 2012). The gravity mapping satellite of NAAS “GRACE” showed a
sharp decline of underground water (1 ft year1) in northern India
in an area of about 440,000 km2 which further resulted in the loss
18 km3 year1 (Soni, 2012). In South-Asia, the primary freshwater
resources are presented in Table 3 where almost all the major river
basins cross over boundaries of the nation. Among rice and wheat
cropping systems, irrigated rice, is a heavy water consumer as it
took around 5000 litres of water to produce 0.01 quintal of rice.
Rice–wheat cropping system consumes about 11,650 m3 ha1
water out of which 7650 m3 ha1 is by rice. Thus, the water table
in some pockets is declining down at alarming rates. In view of
Table 1
Per capita water availability in major rice-growing countries of Asia (1950–2050).
Country 1950 1995 2000 2005 2010a 2015a 2020a 2025a 2050a
m3
China 5047 2295 2210 2134 2068 2006 1956 1927 1976
India 5831 2244 2000 1844 1717 1611 1525 1457 1292
Japan 6541 4374 4314 4292 4307 4348 4423 4528 5381
Indonesia 31,809 12,813 12,325 11,541 10,881 10,361 9952 9609 8781
Nepal 21,623 7923 6958 6245 5695 5230 4820 4470 3467
Pakistan 11,844 3435 3159 2822 2533 2277 2069 1900 1396
Phillipines 15,390 4761 4158 3778 3450 3175 2945 2754 2210
Sri Lanka 5626 2410 2302 2212 2117 2041 1990 1961 1990
South Korea 3247 1472 1424 1390 1363 1345 1336 1336 1500
Thailand 8946 3073 2871 2714 2627 2559 2505 2465 2440
Source: Modiﬁed from Gardner-Outlaw and Engelman (1997).
Table 2
Different Headworks done from 1859–1960.
Sr. no Head work Year of construction
1 Madhupur 1859
2 Ropar (Sutluj) 1882
3 Hussaniwalla 1933
4 Harikai 1952
5 Nangal (Sutluj) 1954
6 Talwara (Beas) 1971
Source: G.S. Hira personal communication.
Table 3
Fresh water resources of South-Asia
River basin Basin area
(103)
Per capita water
availability (m3)
Annual available
water (billion m3)
Ganges-Brahmputra-
Megna
1745.0 3473 2025
Indus 1170.8 1329 287
Helmand 306.5 2589 18
Karnaphuli 12510  
Source: AQUASTAT (2011), UNEP (2008).
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1998), it was observed that besides a current annual water deﬁcit
of 1.27 M ha-m (Jain & Kumar, 2007) owing to escalated water
demand from 2.76 to 4.76 M ha-m during the last four decades
(Minhas et al., 2010), there is a need to address the issues relating
sustainable crop production and rational water use. Free electricity
for the agricultural sector further complicated this condition.
Centrifugal pumps are generally a failure now and submersible
pumps are the only option left because of deeper underground
water table which certainly requires higher power. The increase in
depth to the groundwater in north–west India has three major
negative effects (Hira, 2009): (1) higher underground water
pumping costs; (2) growing tubewell infrastructure costs; and
(3) abating groundwater quality, which will ultimately be to the
degree that the groundwater becomes unusable because of up-
welling of salts from the deeper native groundwater, and because
of saline groundwater intrusion into fresh groundwater.
2.1.2. Ground water pollution
Excessive use of the fertilizers/insecticides in RWCs pollutes the
underground water quality. Application of this poor quality water
to the agricultural and dairy sector leads to emergence of several
severe diseases in animals and decreased the grain quality which
ultimately affect the human health. Judicious use of the fertilizers
depending upon the soil test reports is the key to proﬁtability of
the RWCS in the region (Bhatt, 2013). Excessive use of N-fertilizersresulting to leaching of nitrates leads to the pollution of ground
water appears to be a serious concern. The situation is worse in
coarse-textured soils where use of N fertilizer is still higher with
excessive irrigations as generally recommendation to be 25%
higher than loam soil. High nitrate content in ground water in
intensively cultivated RWCS was reported by Bajwa (1993). Long-
term experiments demonstrated the need for application of
120 kg N ha1 to each crop, as there was no scope for skipping or
even reducing the dose of N fertilizers to either crop (Yadav, Yadav,
Singh & Kumar, 1998). N-use efﬁciency improvement which hardly
exceeds 40% in Indian soils (Prasad, 1996) helps in decreasing the
dose. Increasing ground water pollution is the major issue, and
must be attended to. This is true also for the South-Western dis-
tricts of the Punjab, as the underground water is unﬁt for drinking
or even for the irrigation. Further, this causes a health disorders as
more cancer cases were reported from this pocket in such an ex-
tent that a “CANCER TRAIN” was running to Rajasthan for treating
the cancer patients. The direction of the soil slope is from north–
east to south–west direction and direction of groundwater ﬂow
followed the similar pattern. From the past many years, ground
water ﬂowing from NE to SW direction, with a gradient of 0.3 m
per km. When ground water levels in the north–west declined
drastically, then the poor quality water of SW districts con-
taminate out good quality water, which further have disastrous
consequences. Thus, under groundwater pollution is an emerging
issue which must be attended to as soon as possible by creating
social awareness or by forming legal binding.
2.1.3. Diverse weed ﬂora
Diverse weed ﬂora and excessive weed pressure is an im-
portant issue in the way to sustainable agriculture. Due to in-
tensive cultivation of rice–wheat sequence, the weed ﬂora sim-
pliﬁed with grasses. Weeds compete with the main plants for light,
water and nutrients and in turn decrease overall land productivity
of the system as a whole. Being major biotic constraint to sus-
tainable agriculture in Asia, weeds causing complete grain yield
losses, in some cases. Dry direct seeded rice is advocated to have
higher water productivity as no puddling operations are involved
here. But the chances of yield loss are higher in dry direct-seeded
rice than in puddled transplanted rice as the initial ﬂush of weeds
is not controlled by ﬂooding in dry direct-seeded rice (Rao, John-
son, Sivaprasad, Ladha & Mortimer, 2007; Chauhan, 2012). Chan-
ges in establishment method, technology and weed management
practices in dry direct-seeded rice resulted in diverse weed com-
position. Weeds are the main factor responsible for the yield de-
clines in any eco-system (Forcella, 2003; Chauhan & Johnson,
2010). Research has shown that divergent tillage systems affected
weed biomass signiﬁcantly. The number of weeds ha1 was 54
percent higher in zero tilled (ZT) plots than in conventional tilled
(CT) plots (Bhatt, 2015) and the weed biomass was signiﬁcantly
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zero tillage had been reported to increase weed density (Singh,
Bhullar & Chauhan, 2015a, 2015b; Singh et al., 2014; Kumar et al.,
1988) and higher weed dry biomass (Singh et al., 2015b). Mod-
ifying tillage practices will certainly affect the placement of weed
seeds in the soil (Singh et al., 2015a), and this may affect the re-
lative abundance of weed pressure in the ﬁeld. Under zero tillage,
a higher fraction of weeds present near or close to the soil surface
after crop planting (Singh et al., 2015b), which received higher
fraction of light, water and nutrients for their better proliferation.
Under conventional tillage (CT), however, weeds are deeply buried
as per tillage and deeply buried weeds are not have enough
chances to proliferate better due to lesser water, light and nu-
trients. The soil disturbance caused by tillage systems places weed
seeds at different depths, which differ in availability of moisture,
diurnal temperature ﬂuctuation and light exposure, and activity of
predators (Singh et al., 2015a) . All these attributes have the po-
tential to inﬂuence the behaviour of weed seed banks. Further,
lesser herbicide efﬁcacy observed in ZT plots as compared to the
CT plots led to higher weed pressure which resulted in lower grain
yields in the former plots (Singh et al., 2015b). Further, it is ob-
served that new weeds viz. Sphenoclea zeylanica in rice and Malva
patviﬂora, Rumex retroﬂexus in wheat occurred with time with
intensive rice–wheat cropping system which are more difﬁcult to
control and in some cases observed to be more resistance to the
available herbicides. Integrated weed management is the best
option to control the new emerging weeds in a more
sustainable way.
2.1.4. Outbreak of diseases and insect-pest
Both wheat and rice crops are grown under lavish environ-
ment. The green crops with higher dose of N-fertilizers and wet
conditions because of frequent irrigations are the paradise for the
outbreak of insect-pest and diseases. Further, farmers acts as per
the advice of the dealers further increases the complexity of the
system and this effect is further compounded under the effect of
monoculture system. Outbreak of the diseases and insect-pests
attack is mainly responsible for the lower water and land pro-
ductivity and is considered a serious issue in the way to sustain-
able agriculture. Decline in factor productivity is the factor pro-
ductivity from farmer's point of view (Table 4). Yields are some-
how decreases or stagnating. It has been observed that input use
efﬁciency decreased with increased cost of cultivation which fur-
ther increased the risk probability. Natural calamity viz. ﬂoods,
draughts etc. may put the farmers to the corner. New breeds of
insect-pests/diseases (which are more resistant to the present
insecticides) appeared from the last few decades. The breeders
must develop some new more tolerant crop cultivars so that new
insect-pest and diseases are not able to affect markedly the grain
yields. Some more important issues regarding the insect-pests
under the rice–wheat cropping systems are blast and stem borer
(which are earlier cause damage to only long saturated basmati
verities but from last few years, these causing damage to the short
basmati verities too), sheath blight disease (earlier restricted to theTable 4
Trends in indices of factor productivity (TFP) of RWCS in Punjab, Haryana and Uttar
Pradesh of India.
States TFP (%) Annual growth rates (%)
1976 1985 1992 1976–85 1985–92 1976–92
Punjab 75.8 97.9 103.1 3.2 0.8 4.9
Haryana 84.2 103.7 10.3.9 2.4 0.1 1.4
Uttar Pradesh 99.3 128.4 120.1 2.2 1.2 1.6
Source: Kumar et al. (1988).border areas now affecting entire rice area), false smut (earlier
considered being a sign for the bumper crop now causes heavy
losses to the crop), bacterial leaf blight in rice and powdery mil-
dew and rusts in wheat might be the reasons for the stagnating/
declining yields. Thus, keeping these points in view, the emerging
disease and insects are really seems to be responsible for the
stagnating/lowered land productivity.
2.2. Agricultural issues
2.2.1. Degrading soil structure
Rice is conventionally established through tillage under wet con-
ditions with an aim of reducing percolation losses, ease transplanting
and suppress weeds. However, its negative effects through structural
degradation on upland crops are of concern (Sur, Prihar & Jalota, 1981;
Aggarwal, Sidhu, Sekhon, Sandhu & Sur, 1995; Kukal & Aggarwal,
2003a). Apart from extensive labour requirement (300–350 h ha1)
repeated puddling of coarse and medium textured soils in the state
has led to the sub-surface compaction (Sur et al., 1981; Kukal & Ag-
garwal, 2003a), which has been proving detrimental for the upland
crops like wheat (Kukal & Aggarwal, 2003b). The compactness of the
soil at 15–20 cm depth formed due to repeated puddling restricts the
root growth of wheat in addition to creating aeration stress (Aggarwal
et al., 1995; Kukal & Aggarwal, 2003b). Thus, puddle transplanted
system of rice is water-, capital- and energy-intensive and leads to the
structural deterioration of the soil. During wheat conventionally seed
bed prepared by disking, tilling and ﬁnally planking which resulted in
the exposure of the once hidden organic matter to the air which ul-
timately leads to the oxidation of organic matter. These practices in
RWCS ultimately lead to the overall structural degradation of the soil
structure.
2.2.2. Declining soil health
Day by day soil health is declining down at an alarming rate
resulting in not only macro but micro-nutrient deﬁciencies in soils
of the region. Kukal and Aggarwal (2003a) stressed on puddling
operation intensity to reduce losses where soils are highly
permeable and coarse textured. However, its negative effects
through structural degradation on upland crops are of concern
(Aggarwal et al., 1995; Kukal & Aggarwal, 2003b). Intensive tillage
resulting in breaking of large aggregate further coupled with poor
contact with seed, thereby reduces potential yields. Thus, puddling
operations are water, capital and energy intensive which ﬁnally
deteriorates the soil structure. According to Singh (2000), in Har-
yana 3 percent soils during 1980 had low P content and by 1995,
the earlier ﬁgure jumps to 73 percent, while low N content area
increased to an non-signiﬁcant extent (from 89 to 91 percent).
Soils with higher K values had come down from 91 percent (in
1980) to 61 percent (in 1995). The intensive RWCS disturbed the
nutrient balance in upper vadose zone (Gill, 1992). Conventional
practices of burning of crop residues more particularly of rice re-
sulting in serious consequences viz. loss of nutrients, emission of
green house gases. Farmer has to put more fertilizers to have po-
tential yields, ﬁnally resulting in higher cost of cultivation in the
short term and reduction in soil quality and productivity in the
long term.
2.2.3. Residue management
On farm residue management be the major issue in the pre-
vailing RWCS. Among rice and wheat straw residue, wheat residue
is used in the animal husbandry sector but the higher silica con-
tent in rice straw make it inappropriate to be used in the dairy
sector. Further, incorporation of rice straw being wider in C:N ratio
causes the immobilisation of nitrogen which further decreases the
grain yields. Thus, farmers generally burnt the rice residue on to
their ﬁelds to get rid of it and to ensure timely sowing of the wheat
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the rice residues causes the environmental pollution, global
warming, killing the beneﬁcial insects, create net negative nutrient
balance and also degraded the soil, decreases organic matter levels
and ﬁnally results in the soil health deterioration. Hence, for
avoiding the burning of rice residues some alternate options has
been suggested by scientists to the farmers and depending upon
their socio-economic and cultural status one could choose the
better option for judicious use of the straw residues. The follow-
ings are some alternate uses for the rice straw management so as
to ensure full beneﬁt without burning of the rice residues on to
their ﬁeld (Yadwinder & Sidhu, 2014).
2.2.3.1. Crop residues for manure. Paddy compost being re-
commended by the Punjab Agricultural University, Ludhiana
which provides an alternate use for the paddy straw by dipping
rice straw bundles in a solution of 1000l of water and 1 kg of urea
and 1 kg of cow dung. About 2–3 kg of urine from the animals
could be absorbed by each kg of straw which could also be com-
posted to enhance the degrading soil health. Rice straw residues
from one hectare could be used to produce 3.2 tons of manure
which was as rich in nutrients.
2.2.3.2. Crop residues for energy production. Because of its en-
vironmental advantages, farm residues must have some more
farmer friendly options as energy production and could be used as
substitute for fossil fuels. In comparison with the other energy
resources which are renewable, farm residue is a storable, cheap
and environment friendly. Of being low bulk–density, higher cost
of transportation and low energy yield per weight basis straw
disposal is a challenge in front of the agricultural scientists.
2.2.3.3. Crop residues for ethanol. Biomass rich in ligno-cellulosic
content could be transformed into bio-based alcohol production
which is an important and researchable issue as ethanol can be
either blended with octane-enhancing agent. Around 382 to 471 l
of ethanol could be produced from per ton of the dry matter of
farm residue.
2.2.3.4. Biogas. Biogas could be successfully produced from the
rice straw which further used as a fuel. Further, one ton of dry rice
straw has the potential to produce 300 m3 of biogas. This yields
good quality gas with 55–60% of methane for cooking. Further, so
produced spent slurry with good nutritive values could be used as
manure. This option used the farm residue in a non-destructive
way for extracting high quality fuel gas and produce manure to be
used back into the soil for improving its declining fertility.
2.2.3.5. Residues gasiﬁcation. It is a process in which producer gas
is produced because of partial burning of rice residues to produce
energy gas. Cleaning of gas is the main hurdle in this process for
energy production. This apparatus for residue gasiﬁcation with
more than 1 MW capacity has been installed at some stations for
producing the producer gas which further generates the electricity
as 1000 kg of farm residue could be used to generate 300 kW h of
electricity. This is the best option we have in relation to proper
disposal of the crop residues.
2.2.3.6. Fast pyrolysis. Under this process, temperature raised to
400–500 °C within seconds which accelerates the disintegration
process to convert 75% of biomass to gas and if it cooled quickly
then it formed “BIO-OIL”- a viscous liquid of dark brown colour
which has high caloriﬁc value.
2.2.3.7. Biochar. Biochar is generated from the slow pyrolysis
(heating in the absence of oxygen) of biomass and is a high carbonmaterial. It is a good energy source, used as fertilizer when mixed
with soil, reduces emissions of harmful gases and mitigate the
adverse effects of the global warming. Further, from the biochar
energy-rich gases formed to generate liquid fuels. Biochar im-
proves the physical and chemical properties of texturally divergent
soils as well as increasing the rate of nutrient delivery to roots of
the plants for having potential yields.
2.2.4. Least attended Intervening period
Intervening period is the fallow period in between two crops
and is important for the intervening crops like fodder and summer
moong (Bhatt & Kukal, 2104; Bhatt and Kukal 2015a, b, c). Scien-
tists are generally busy analysing the effect of applied treatments
on the wheat and rice crop during the intervening periods and
thus the intervening period is generally the most ignored one.
However, there is ample scope during the intervening period to
ensure overall improvement of the productivity of the RWCS. Bhatt
and Kukal (2015a) reported SMT to be 21%, 16% and 17% higher in
ZT plots than CT plots in 10, 20 and 30 cm soil depths respectively
during intervening period (Fig. 1). However, after rice (Bhatt &
Kukal, 2015b) SMT on an average, reported to be 36% higher in
CTWDSRZT than CTWDSRP plots at 10 cm soil surface while at
deeper depths SMT showed no variations in DSRP, DSRCT and
DSRZT plots (Fig. 2) during intervening periods. The main reason
of quicker drying of the zero tilled mulched plots during inter-
vening periods are higher soil temperature, continuity of soil
pores, lesser available soil moisture and reported higher eva-
poration losses. In this compilation, “lesser attention toward in-
tervening period” is considered as a sustainability issue which has
a tremendous capacity to improve the declining land and water
productivity of the region. Thus, there is a scope to delineate the
performance of different advocated technologies during the in-
tervening period to have a look on to their residual effects.
2.2.5. Labour shortage
Rice–wheat cropping system is water-, energy-, capital- and
most importantly labour intensive as transplanting, spraying and
harvesting of paddy require intense labour. Labour shortage is an
emerging issue in the prevailing RWCS due to narrow window
period and legal binding to transplant paddy after 10th of June.
The labour scarcity has been increasing over the last few years due
to assured working days offered under MANREGA scheme of Govt.
of India (GOI, 2005) and thus ﬂow of labour to region is decreased
to a remarkable extent. Lower labour availability is responsible for
higher wage rates. Worse still, they tried to transplant paddy
nursery at wider spacing. To compensate for the lower plant po-
pulation, farmers tends to apply higher doses of fertilizers in order
to encourage the tillers which instead of increasing the yield levels
generates the problems of insect-pest, diseases and lodging which
ultimately leads to the lower yields. Thus, to solve the labour
shortage during the peak transplanting period, mechanical trans-
planting (Bhatt et al., 2015) and direct seeded rice (Bhatt & Kukal,
2015a) are the reliable options as manual transplanting is labor-
ious and time-consuming requiring about 300–350 man-h ha1. A
delay in transplanting of paddy by one month can reduce the yield
by 25 percent whereas delay of two months may reduce it by 70
percent (Rao & Pradhan, 1973). Mohanty, Barik, and Mohanty
(2010) concluded that labour requirement in case of self-propelled
rice transplanter was 40 man-h ha1 and in case of manual ran-
dom transplanting it was 224 man-h ha1. However, MT under
zero tillage scenarios faces higher weed biomass which further
requires frequent labour to uproot which is also responsible for
the lower land and water productivity (Bhatt, 2015) as seeds of the
concerned weeds remain on or near the soil surface, receiving
higher water, nutrients and sunlight (Singh et al., 2015a). A
number of reports (Garg, Mahal & Sharma, 1997; Kamboj et al.,
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Fig. 1. Soil water tension behaviour in relation to different establishment methods at 10 cm (a) 20 cm (b) and 30 cm (c) soil depths. (Arrows depicting rainfall events)
(ZTWDSRZTZTW¼Zero tilled wheat followed by zero tilled direct seeded rice followed by zero tillage wheat, CTWDSRCTCTW¼conventionally tilled wheat followed by
conventionally tilled direct seeded rice followed by conventional tilled wheat). Source: Bhatt and Kukal (2015a).
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able agriculture.
2.2.6. Multiple nutrient deﬁciencies
Before mid sixties, only macro-nutrients supply is provided
through the use of the commercially available fertilizers however
with time, the soil health started to decline and micro-nutrients
deﬁciencies also reported in the rice–wheat sequence (Biswas &
Tewatia, 1991). Yield advantage due to sulphur application in rice–
wheat system are already reported by many workers (Tiwari,
Sharma & Tripathi, 1989; Katyal, 2003) but quantiﬁed re-
commendation of S in texturally divergent soils still needs to be
worked out. In coarse textured soils of Punjab, wheat grown after
rice suffered from manganese deﬁciency. In rice–wheat cropping
sequence, decline of wheat yields due to boron deﬁciency was
found in soils of West Bengal (Chatterjee, Sinha, Nautical, Aggar-
wal & Sharma, 1987). Soil application of borax corrected the deﬁ-
ciency and improved the wheat yield substantially. Selenium
toxicity is also an emerging issue coming out of intensive RWCS in
the region, however, under maize–wheat cropping rotation, no
selenium toxicity was observed. Up to now, in Punjab, selenium
toxicity's symptom is restricted to the Hoshiarpur and Nawan-
shahr districts. Any region having continuous rice cultivation in
kharif season (monsoon or rainy season) from 8–10 years expectedto have higher selenium toxicity. Selenium toxicity symptoms in
the plants, animals and human beings are not an exceptional case.
Among wheat, leaves become white which further resulted in
decreased wheat yield after rice. In animals and human being
damage to nails, horns and hairs are the symptoms of the sele-
nium toxicity. Therefore, this issue must be attended to at the
priority level by shifting from rice to other low water requiring
crops. The appearance of new micro-nutrient deﬁciencies such as
iron and zinc in rice while manganese deﬁciency and selenium
toxicity in wheat are the new hindrance in front of the sustain-
ability of the RWCS as farmers can neither recognise them at exact
time nor ameliorate them by applying their correct doses either
through sprays or through broadcasting.
2.2.7. Declining crop response
Dr. M.S Swaminathan reported declining crop response and marks
it as the major reason for the declining land productivity. In India
annual consumption of the NPK fertilizers was 28Mt while actual
fertilizers use stands at only 18Mt of NPK thus creating negative
balance of about 10Mt of primary nutrients. Yield decline in rice–
wheat sequence was highest when N-fertilizer was applied alone @
120 kg ha1 while P-fertilizers responded to crop yield after 10 years
while response from K-fertilizer started to increase after 5 years. Main
reasons behind low response of crops to N-fertilizers are its low use
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Fig. 2. Temporal ﬂuctuations in soil matric potential in CTWDSRP vs ZTWDSRP from 10–30 cm soil depth (a–c), in CTWDSRCT vs ZTWDSRCT from 10–30 cm soil depth (d–e)
and CTWDSRZT vs ZTWDSRZT from 10–30 cm soil depth (g–i). Source: Bhatt and Kukal (2015b).
Fig. 3. Increased power to uplift deeper ground water. Source: G.S. Hira personal
communication.
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to surface runoff, ammonia volatilisation, leaching and denitriﬁcation.
Some other identiﬁed reasons for low and declining crop response tofertilizers are continued use of N-fertilizers, intensive rice–wheat
cropping sequence, injudicious use of fertilizers as per rat race, in-
appropriate use and timing of fertilizer application, inadequate use of
organic manures, excessive use of N-fertilizers, antagonistic reaction
between some plant nutrients, soil degradation, lack of adequate and
quality soil testing facilities, environment degradation.
2.3. Livelihood issues
2.3.1. High energy requirement
Intensive cultivation of the rice–wheat sequence leads to decline of
underground water levels to a serious concern and as a result sub-
mersible pumps replacing the centrifugal pumps which lifts up water
from the deeper depths but they required more energy for this pur-
pose (Fig. 3). However, there is already a power shortage in the state
and energy is diverted from the industrial sector to the agriculture
sector, with drawing more power will create unemployment as then
industry sector has to close for some-time. Further, free electricity
provided by the government to the farmers in agricultural sector
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terest in saving irrigation water. With an effect the water levels below
the ground declining at an alarming rate. Diverting electricity from the
industrial to agriculture sector will create more problems as un-
employment. As per the current situation, by 2023, in Punjab state of
north India, the electricity cost for pumping ground water from a
depth of 43mwould increase by 93% compared with that for 2006. In
2007, Punjab State Electricity Board (PSEB) supplied 7500 million units
of electricity (28% of total Punjab consumption) to tube wells. PSEB is
already running in loss and it is estimated that by 2023, cumulative
losses would be Rs. 415 billion and the main reason behind this is the
provided subsidised electricity. In rice season alone, electricity worth
Rs. 14.4 billion was supplied free of cost (Hira, 2009). Thus, electricity
shortage is an important issue that emanates from the practise of
intensive RWCS in the region. As the area under rice cultivation in-
creased from 6% to 60% up to now, thus the centrifugal pumps being
replaced by the submersible pumps. As a result, earlier higher placed
motors shifted into the deep wells. Sometimes the farmer has to go
deep into the tubewell (where submersible motor is installed) for
correcting the motor. But due to oxygen deﬁciency and higher CO2
concentration within well, some serious accidents reported. However,
there are some methods to correct this before going in the well and
some of them are by putting lantern; removal of CO2 by putting in-
verted umbrella within the well and removing it out; application of
lime within well; hanging wet cloth or sprinkling water. By using
these methods, CO2 removed from the well and then the farmer/
technical person could easily go into the well without any problem.
2.3.2. Decreased land productivity
In the time of ever increasing population and hungry stomachs,
decreasing land productivity might be quite dangerous. About 2.5%
growth in cereal production will be required to meet the future
food demands (Hobbs & Morris, 1996). From the last 30 years,
production goal has been able to keep pace with population
growth and this is only possible through an increase in the area (as
new land being framed for agriculture by levelling sand dunes)
and yield growth (with increased cropping intensity). Increased
demand by urban areas and industry creates a competition for
land allocation to different sectors including the agriculture. Some
studies reported stagnant or even lesser yields in RWCS because of
different factors and their compounded effects (Hobbs & Morris,
1996; Dawe, 2000; Duxbury, Abrol, Gupta & Bronson, 2000).
Farmers have to apply more fertilizer to have potential yields be-
cause of declining total factor productivity. Decreased land pro-
ductivity is an issue needing urgent attention by using different
technologies viz. bed planting, laser land levelling, direct seeded
rice, mechanical transplanting, direct drilling of wheat seeds in the
untilled soils in standing rice stubbles and implementing some
new breeding programmes through-out the region to breed some
higher yielding, nutrient and water use efﬁcient, water stress and
salt tolerant, disease resistant varieties.
2.3.3. Decreased water productivity
Water productivity (g kg1) is the quantity of irrigation water
used to produce per unit of the grains. But decreased water pro-
ductivity is a major cause of concern as reported by many workers
through-out the region under different agro-climatic conditions
(Humphreys et al., 2010; Hira, 2009; Bhatt, 2015). Already, 13 lakh
ha-m of the extra irrigation water is being withdrawn from the
ground to meet the irrigation requirements of Punjab which an-
nually requires 43 lakh ha-m of irrigation water but only 30 lakh
ha-m of water was there in our pocket (Jain & Kumar, 1997). Thus,
there is a need to improve the declining water productivity either
it is irrigation, total or real water productivity. Globally, fresh
water is up to 2.7 percent of total water available, thus, there is a
need to go for integrated water used strategies for improvingwater productivity not only in agricultural sector but also in other
sectors. Agricultural scientists are busy to ﬁnd, test and re-
commend technologies to serve this purpose. Green water moves
within the soil depending upon its total soil water potential (Bhatt,
2014). Under conventional puddle transplant system of rice (PTR)
puddling/wet tillage require large quantity of water (requires
around 4 irrigations) which on other hand deteriorates the soil
structure which ﬁnally resulted in lower yields and consequently,
lower water productivity. One of the best options for increasing
the declining water productivity is to omit the puddling operations
and opt for the direct seeded rice (DSR)/mechanical transplanting
of rice (MTR). However, there is a need to test the comparative
performance of DSR and MTR in terms of water productivity under
puddle, conventional and zero tillage systems under texturally
divergent soils and under different agro-climatic conditions.
2.3.4. Decreased efﬁciency of water use
Efﬁciency of water use is different from the productivity in
terms that the former deals with total water discharged from the
tubewell up to the ﬁeld and include the conveyance losses while
the latter is the grain yield obtained from a particular volume of
applied water to a particular ﬁeld and it does not include the
conveyance losses. It was reported that around 35% to 55% of ap-
plied water for the main ﬁeld was lost before reaching the main
ﬁeld. There is, therefore, a need to reduce the conveyance losses
from the tube-well to the main ﬁeld through cementing the water
channels that supplied water from the tubewells to the main ﬁeld.
Further conventional puddle transplanted rice and conventionally
tilled wheat reported to have the lower water use efﬁciency. In-
creasing water use efﬁciency through different resource con-
servation technologies is a must for improving the lower land and
water productivity (by providing more quantity of water) of the
rice–wheat cropping system. Thus, the lower water use efﬁciency
is the challenge in way for sustainable agriculture and could be
improved by adopting suitable technologies viz. cementing the
water channels/courses, laser land levelling, irrigation based on
soil matric potential using tensiometers etc.
2.3.5. Poor incomes
Degradation of the soil structure, formation of hard pan
(“Plough Pan”) and declining underground water table along with
outbreak of insect-pests, diseases and weed pressure usually result
in lowered land productivity. Lower land productivity mean lower
grain yield produced per piece of land. Land holdings are already
shrink with generation after generations. Further, spending money
on prestige issues like on social functions like marriages etc., or on
show-case items namely purchasing of tractors, bullet-motor cy-
cles (especially in Punjab, India) are the factors responsible for
encouraging farmers to barrow money by handing over their
property viz. land or houses. Social media songs “Jat nu shoank
hathiara da......” (Weapons are the hobby of farmer), “Bathindai
wale asla rakhan de shonke....” (Farmers of Bathinda district are
habitual of keeping weapons) are some of the songs which really
mislead the poor farmer and they tried to purchase show-case
things to get rid of inferiority complex. However, poor yields be-
cause of adverse climatic conditions, poor soil health, deeper un-
derground water table, poor quality underground water, outbreak
of insect-pests and diseases put them to a frustration as they were
not able to return the burrowed money (with excessive interest
rates) which ultimately forces them to take some harsh decision
such as suicide. Thus, here show-case behaviour in the face of
intensive rice–wheat cropping system is responsible for the poor
livelihood.
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2.4.1. Environment pollution
Over 501 million tons (Mt) of crop residues generated every
year in India (MNRE, 2009) as above 90% the area under wheat–
rice crop sequence is combine harvested, which left loose straw in
windrows. Management of the rice stubble (more than 7 t ha1) is
a major challenge. Smouldering is widely practiced by the farmers
being easy and quick method of disposing off of rice residues (4
17 Mt year1) thereby causing air pollution (Gupta et al., 2004),
smouldering of tremendous amount of nutrients and degrading
soil physical and biological health (Samra, Bijay & Kumar, 2003;
Singh & Singh, 2014). As a result of the advanced technologies and
better quality seeds agricultural production increased to many
times but along with it residue production has also jumped sub-
stantially. Cereal contribute 70 percent of the total crop residues
(352 Mt) comprising 34 percent by rice and 22 percent by wheat
crops. About 25–30% of N and P, 35–40% of S, and 70–75% of K
uptake are retained in wheat residue. Important nutrients in rice
straw at harvest are 5–8 kg N, 0.7–1.2 kg P, 12–17 kg K, 0.5–1.0 kg S
per ton of straw on a dry weight basis (Dobermann & Witt, 2000).
The burning of left out residues is a major contributor to reduced
air quality, human respiratory ailments, and the death of beneﬁcial
soil fauna and microorganisms. Apart from loss of carbon, up to 80
percent loss of N and S, 25 percent of P and 21 percent of K occurs
during burning (Yadvinder, Bijay & Timsina, 2005). Solution to
avoid burning of rice straw would be to employ it as a mulch
material in the upcoming wheat crop to improve crop yields,
conserve soil moisture, and save environment.
2.4.2. Global warming
Global warming is the new challenge faced by the agriculture
sector and mitigating its adverse effects becoming a challenge.
Reason being coming solar radiations (long wave radiations) being
directly strikes onto the soil surface without any hindrance. But
after striking the soil surface, long wave converted into the short
wave radiations and global gases viz. CH4, CO2, N2O hinders the
short wave radiation to emit out of the earth environment re-
sulting into the net increase in the global temperature. Rice–wheat
cropping systems produce huge crop residues which generally
burnt onto the ﬁeld for the timely sowing of the wheat crop.
Flaming of farm residues generates ample amount of greenhouse
gases and aerosols and other hydrocarbons to the atmosphere
affecting the atmospheric composition. For example, 70%, 7%, 0.66
% of C and 2.09% of N evolved as CO2, CO, CH4 and N2O upon
burning of rice straw (Jain, Bhatia & Pathak, 2014). This change
might have direct or indirect effect on the radiation balance. These
gases may lead to a regional increase in the levels of aerosols, acid
deposition, increase in tropospheric ozone and depletion of the
ozone layer which protects us from harmful sunrays. Hence dif-
ferent techniques must be developed and adopted at the large
scale in the region which could ultimately reduce the production
of the GHGs such as direct drilling of the wheat seeds in standing
rice stubbles using “Happy Seeder”, direct seeding etc.
Considering the above sustainability issues, different worker
throughout the region has selected, tested and recommended
some resource conservation technologies viz. short duration vari-
eties, precision land levelling, direct seeded rice, tensiometers
based irrigation, alternate wetting and drying, mechanical trans-
planting and direct drilling of the wheat seeds in standing rice
stubbles (zero tillage using Happy Seeder) for improving the land
and irrigation water productivity. But these RCTs are site and si-
tuation speciﬁc (Bhatt et al., 2014; Bhatt, 2015) and are mostly
studied in isolation for a single crop without considering its re-
sidual effect on the performance of the succeeding or proceeding
crop. Moreover, the intervening period in between rice and wheatcrops is generally ignored as during this period scientists are busy
in analysing the effect of applied RCT on the main crop (Bhatt &
Kukal, 2014a, b, 2015a, b, c). Thus, there is a need to study the
effect of these applied RCT on the soil moisture dynamics in pro-
ceeding as well as succeeding crops and also on the intervening
period which on one side improves the livelihood of the farmer
while on other side improves the soil health.3. Conservation agriculture
Conservation agriculture (CA) is the only answer to the above
listed sustainability threats as CA makes good wisdom in ex-
tensive, mechanised cropping system on structurally-unstable
degraded lands. Indeed reduced labour and fuel costs and better
moisture regimes are the basic factors responsible for the adoption
of CA (Llewellyn, D’Emden & Kuehne, 2012; Thomas, Titmarsh,
Freebairn & Radford, 2007). Precision agriculture and controlled
trafﬁc technologies are providing further scope for improvement
(Robertson et al., 2012; Rainbow & Derpsch, 2011). Within India,
the application of CA guidelines within agro-climatic conditions
under texturally divergent soils remained a challenging task.
Broadly CA is based on the three basic principles:
(1) Diverse rotations: rotation of crops changes the rhizosphere
affected soil area which replenished after some time. Thus, in-
clusion of maize in place of rice increases the sustainability and
productivity (land or water) of the rice–wheat cropping sequence
in the region.
(2) Reduced till system: reduced or no tillage sequesters higher
fractions of C and ultimately improved the soil physical, chemical
and biological properties (Jat et al., 2009) which in turn improve
the soil quality.
(3) Mulching: mulching helped in conservation of the soil
moisture (Bhatt & Khera, 2006), regulates the soil temperature
(Singh et al., 2011) and in all improves the water productivity
(Kukal, Yadvinder, Jat & Sidhu, 2014).
Synergistic interactions of CA and other technologies (e.g. ear-
lier sowing and better weed control) have potential to increased
yield, but the yield responses to speciﬁc CA components still under
investigation (Thomas et al., 2007; Kirkegaard & Hunt, 2010). Re-
cent evidence also argues the potential of CA technologies for C-
sequestration (Chan et al., 2011), reductions in greenhouse gas
(Maraseni & Cockﬁeld, 2011) and increased energy efﬁciency
(Moreno, Lacasta, Meco & Moreno, 2011). Understanding and ad-
dressing these contradictions will be paramount if CA principles
are to be applied wisely to practise sustainable agriculture. Man-
agement options viz. mulching, no-tillage etc. represent the evo-
lution and pragmatic integration of CA principles to local condi-
tions and balance resource protection in the long-term with
shorter-term productivity imperatives.4. Conclusion
Rice–wheat cropping system in South Asia has contributed
immensely to ﬁll the increasing empty stomachs but has conse-
quently led to many sustainability issues viz. declining water re-
sources, degrading soil health and environment degradation
which is further responsible for stagnating/decreased land and
water productivity. Hence, alternate tillage and establishment
methods must be invented, tested and recommended for the
sustainable establishment of rice–wheat cropping system as a
whole including the intervening period so that land and water
productivity, soil health and environment must be improved for
overall lifting of the livelihoods of the farmers of South-Asia.
Performance of these technologies is, however, site-speciﬁc and
R. Bhatt et al. / International Soil and Water Conservation Research 4 (2016) 64–74 73changed depending upon the soil textural classes and agro-
climatic conditions. This suggests that farmers must pick them
up from the many as per their soil texture and agro-climatic
conditions. Conventional indigenous age-old practices are re-
sponsible for all the earlier discussed un-sustainability issues
which must be replaced with more advanced and sustainable re-
source conservation technologies (RCTs). Therefore, the role of
these RCTs to achieve sustainable food production with minimal
impact on the soil, underground water and the atmosphere and in
improving the declining land and water productivity become more
important now than ever.Acknowledgement
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